The main function of an airport is to provide access to air transport both for passengers and cargo. The number of air operations over the past 20 years has increased rapidly, and this has led to a rise in the energy needs of airports to satisfy this demand. As a consequence, the cost of energy supply for airport managers has escalated. At the same time, global energy consumption has soared due to the needs of emerging countries like China and India, with the consequent environmental impact. This complex scenario of environmental and economic factors has made airport managers become aware of the need to reduce energy consumption as well as a more efficient use of it. The aim of this article is to analyze the main behaviors and energy trends at airports in more recent research, starting with the description of the main energy sources and consumers, the application of energy conservation and energy efficiency measures, the establishment of energy indicators and benchmarking between airports, as well as energy modeling and simulation.
Introduction
During the last two decades, the consumption of primary energy and CO 2 emissions has grown 50% worldwide [1] . Today, despite the uncertainty about the economic growth outlook in the short and medium term, forecasts show that global energy demand will register a sharp rise and will increase by a third in the period 2015-2040 [2] . This rapid increase in energy consumption is likely to have a significant environmental impact in the near future, and may even cause supply problems in some areas.
Energy consumers are normally divided into three main sectors: industry, transport and others, including in the last one the sub-sectors of agriculture and building (services and residential) [3] . This services sub-sector covers all public and commercial buildings including many types of buildings such as schools, hotels, hospitals and airports, with a variety of power applications (heating, ventilation and air conditioning (HVAC), lighting, electromechanical facilities, etc.). The overall contribution of this building sector, both residential and services, to energy consumption has increased rapidly from values of 20% to 40% in some developed countries [3] , as shown in Table 1 . For this reason, energy efficiency in this sector is now a major objective of energy policy at the regional, national and international level. Figure 1. Scheme of main airport areas (Source: Airport Seve Ballesteros-Santander).
Energy Sources
In order to perform the multiple activities that are carried out in airports, both landside and airside, a certain amount of energy is necessary. The most important energy sources in airports are [9]:
1. Electricity: used for the operation of the various systems and facilities that are necessary in airports. 2. Fuel (natural gas, petrol, diesel, propane, etc.): used for heating boilers, catering or cogeneration power plants, emergency generators or vehicles.
Among these energy sources, electricity is the dominant one because it is necessary for the supply of the main airport energy consumers and to ensure the safety of air traffic operations, as shown in Table 2 for Spanish airports. This electricity usually comes from the commercial grid and is supplied by a power company. However, during the last several years it is possible to find in the scientific literature other kinds of energy sources such as cogeneration plants or renewable energy technologies, which can be utilized in airports.
Cogeneration Plants
Combined heat and power (CHP) technologies produce electricity or mechanical power, and recover waste heat for process use, achieving efficiencies up to 85% [10] . In recent years, due to the large combined needs of electricity and heat in airports, CHP plants are being built. They need a connection between the internal and public grid to allow bidirectional power exchange, which also ensures system safety. At the same time, the heating energy produced can be used for air conditioning of the terminal buildings [11] . As an inconvenience, a CHP plant requires much more space than a conventional one, and it should be far enough from the runway and the control tower to avoid any electromagnetic interferences.
In more recent research, Somcharoenwattanaa et al. [12] presented an analysis of a new 52.5 MWe CHP plant at the Bangkok Suvarnabhumi airport, which provided an overall improvement in 
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Cogeneration Plants
In more recent research, Somcharoenwattanaa et al. [12] presented an analysis of a new 52.5 MWe CHP plant at the Bangkok Suvarnabhumi airport, which provided an overall improvement in efficiency from 48% to 61%, reducing by 24% the consumption of primary energy and achieving a 27% improvement in CO 2 emissions. Falvo et al. [13] presented a 25.3 MWe CHP plant at the Rome Airport, used as a way to feed a district heating airport grid. Other examples are the 90 MWe CHP plant at the John F. Kennedy (JFK) airport (New York, NY, USA) [14] , the 18 MWe Frankfurt Rheiin/Main airport [15] , and the 50 MWe CHP plant at Heathrow (London, UK) cited by Cardona [11] .
In most cases, CHP plants are powered by natural gas as a primary energy source. However, other options such as the use of solar energy or biomass are available. Santoli et al. [16] propose a sustainable relationship between the territory and the infrastructure in terms of energy supply chain through the use of biomass, vegetable oil or biogas as a source of primary energy in the CHP plant at the Bari airport in Italy.
In southern climate zones and in airports with larger and regular demand profiles, trigeneration processes (CHCP) can be technically and economically viable, generating cooling while producing electric power and heat [11] . The best examples are the 50 MWe CHCP plant at Malpensa (Milan, Italy) and the 40 MWe CHCP plant at Kuala Lumpur (Malaysia). Cardona et al. [17] performed the planning and long-term simulation of a trigeneration plant for Malpensa airport, with favorable results for the implementation of the proposed repowering actions.
Energy Renewable Sources
Renewable technologies are considered as clean sources of energy and the optimal use of these resources minimizes environmental impact, produces minimum secondary wastes and is sustainable based on current and future economic and social needs [18] . Airports are located in optimal locations for the installation of renewable energy sources, allowing at least partial supply of their energy needs, and ensuring compliance with the highest international standards of safety [19, 20] . Most of the practical experiences and scientific texts define a series of renewable energy technologies that could be used in airport facilities.
Solar Energy
Solar energy is obtained directly from the Sun and the incident radiation can be harnessed through photovoltaic cells to produce electricity directly or through thermal systems to produce heat, usable for in situ electricity generation or hot water systems [21] . Brief summaries for solar energy setups at Brainerd Lakes Airport in Minnesota and Toronto-Pearson Airport are provided in [19] .
Airports are usually large, isolated and shading-free, presenting the perfect platform for the use of solar energy [22] . The smartest way to use this type of renewable energy is found in the field of architectural integration because conventional external building materials can be replaced [23] . The experiences in this field are positive regarding the use of photovoltaic modules as an additional envelope element. The possibilities for the installation locations are varied: roofs, walls, carports, curtain walls, etc.
As for the possible reflections of sunlight from solar panels that may affect the vison of cabin crews or control towers, Barret et al. [24] conclude that their effects are less dangerous than other surfaces existing at airports or surrounding areas (large groups of cars, lakes, etc.). Other studies show that deeply textured glass covers can solve this important issue [25] .
Studies to determine the exact location of the solar panels must identify the location of the radio navigation systems to exclude unsuitable places that could block, reflect or disturb the electromagnetic signals [26] . It is also important to study the maximum height that solar panels can reach [20] . The location must also comply with the regulations regarding safety distances and recommendations related to areas of aircraft operations [27] .
The effect of solar panels on biodiversity is studied by DeVault [28] due to the potential risk of attracting birds. The author proposes a bird hazard index and concludes that this kind of safety risk is not high, and therefore it is feasible to install solar panels at airports.
The energy demand patterns at airports in sunny and warm regions correlates well with solar generation profiles during the morning [22] . Nevertheless, the main problem with this type of energy in airports, as shown in the results of simulations in Brazilian airports by Braun et al. [29] is the mismatch between the production of photovoltaic energy and electricity consumption in the evening hours. Thus, the photovoltaic system is not able to cover the peak load of the network at night. To support these peaks is necessary to consider some form of energy storage technology.
The potential of this type of renewable energy is huge, and could lead to the emergence of economies of scale that could lower installation costs. Furthermore, this use at airports could generate a worldwide demand for large amounts of photovoltaic modules, which could represent a solar energy market worth billions of euros [30] .
Wind Energy
Wind energy is potentially a very useful source of renewable energy for airports, due to the fact that airports typically contain large unoccupied areas. Examples of this type of energy source can be found at Gran Canaria Airport [9] or at Burlington International Airport [19] . However, airports have severe limitations on the placement of obstacles that may restrict the practical location of wind turbines near the airport, because the turbine is regarded as a physical barrier and a possible interference to radio navigation systems [20, 24] .
Analyzing in more detail the conditions for the implementation of wind energy in airports, it is mandatory in all cases to conduct a study of air traffic safety and radio navigation interferences, in order to choose the best location for wind turbines within the airport confines [31] . This study will require approval by the corresponding national aviation authority.
Ortega [31] also described a general approach regarding physical dimensions of the wind turbine for the implementation of wind power in airports, proposing the best solution to use the electricity produced (i.e., as a primary source synchronized with the commercial grid). This option allows self-sufficient use of wind energy, and if the power generated is not sufficient to supply the airport it could be complemented by power supplied from the grid.
Hydroelectric Energy
This type of renewable energy source uses water power to produce energy. A typical hydroelectric scheme is not possible in the context of airports unless the airport is near a large body of water that contains usable kinetic energy potential [4] . However, the environmental impact of developing a hydropower system near airports would make it unsuitable for most airport situations.
Geothermal Energy
Geothermal technologies utilize heat from the Earth. Airports have not been a viable source for conventional geothermal projects due to the specific geographic requirements and the focus on utility-scale electricity generation development due to its potential to be more cost effective [19] . On the other hand, geothermal energy based on heating and cooling takes advantage of the relatively uniform surface temperature of the ground, and thus can be used as a heat sink or source [4] .
At an airport, large amounts of land available without interaction with aircraft could be used to implement such facilities [32] . At present, some examples of studies of geothermal energy are located at the Juneau Airport and Portland Jetport in Maine [19] or at the Thessaloniki airport in Greece [33] .
Biofuels
Biofuels are produced from biomass, and it is possible to utilize them in internal combustion engines, which could be used for transportation vehicles on the airside of the airport [34] , such as the luggage transportation vehicles at Munich airport [35] .
Biomass
Biomass is organic material that comes from plants and animals. It can be gathered by the airport (such as food waste) and recycled at the site as an energy source, for example through gasification for CHP plants [15] , or for obtaining hot water through boilers, as at the Stansted airport [36] . Such schemes could even be extended to include the collection of waste from surrounding areas [32] .
Biogas
Biogas is produced from the anaerobic digestion of biomass in a natural and spontaneous way, and could be used at airports as an alternative to natural gas to heat or cool buildings or water [4] .
Energy Consumption
Airports in general have high-energy consumption. Influenced by many factors, the characteristics of airport energy consumption are stochastic, nonlinear and dynamic [37] . Scientific research on energy consumption is mainly focused on terminal buildings, although these are only a part of the whole airport. Next, the main energy consumers in airports are described, dividing them between the main areas of an airport: airside and landside. In Figure 2 , energy consumption at the Santander airport is shown, as an example.
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Energy Consumption
Airports in general have high-energy consumption. Influenced by many factors, the characteristics of airport energy consumption are stochastic, nonlinear and dynamic [37] . Scientific research on energy consumption is mainly focused on terminal buildings, although these are only a part of the whole airport. Next, the main energy consumers in airports are described, dividing them between the main areas of an airport: airside and landside. In Figure 2 , energy consumption at the Santander airport is shown, as an example. 
Airside Consumption
Airside energy consumers are fundamentally the airfield lighting and radio navigation systems, as well as any auxiliary buildings such as the control tower or hangers. At Santander Airport, airfield lighting and radio navigation systems account for between 5% and 7% each of the total airport electricity consumption (see Figure 2) . The main factor in airside energy consumption is the size of the aircraft operation area (runway, taxiway and apron), due to its proportional influence on the number of airfield lights, and the operating hours of the airport during which landings and takeoffs for aircraft are allowed. This is because at airports with night air operations it is mandatory to switch on the airfield lighting.
Landside Consumption
Landside energy consumers are fundamentally the terminal building or buildings of the airport. It is the largest energy consumer because of its function as a node for processing passengers and cargo and the large number of facilities required for its operation. HVAC, lighting and Information and Communications Technologies (ICT) systems are usually the largest energy consumers in 
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Landside Consumption
Landside energy consumers are fundamentally the terminal building or buildings of the airport. It is the largest energy consumer because of its function as a node for processing passengers and cargo and the large number of facilities required for its operation. HVAC, lighting and Information and Communications Technologies (ICT) systems are usually the largest energy consumers in terminal buildings. Next, the main factors studied by the scientific literature that affect the energy consumption of a terminal building are summarized in Table 3 . 
Building Characteristics
The building characteristics that most influence the energy performance of a particular building are analyzed by Pacheco et al. [38] , although in a terminal building, as happens in other public service facilities, there are differentiating factors regarding commercial or residential buildings [39] . Features such as compactness, shape, orientation and shading, building envelope (walls, roof and windows), heated, cooled and illuminated surfaces are key factors in energy consumption. Nevertheless, energy consumption in a terminal building could be minimized if it is designed according to energy efficiency criteria, through bioclimatic architecture, whose main principles are described by Guillamón et al. [40] .
Curtain walls and glass surfaces severely affect energy consumption in terminal buildings due to the fact that the envelope would be dominated by glass facades and skylights. This indoor thermal environment is characterized by high-intensity solar radiation and high-temperature. These issues have been studied by several authors. Mardaljevic [41] described a new image-based technique to quantify the effectiveness of shading devices in order to predict the impact of solar penetration into the glass roofs of Changui airport. Li et al. [42] studied the influence of curtain wall openings to minimize the need for HVAC systems, calculating an optimal opening during certain periods of the year at a southern China airport. Zhao et al. [43] studied the influence of a water curtain wall installed at the Nanjing airport and its influence on the energy efficiency of the terminal building. Tzempelikos [44] developed and implemented different lighting and shading control schemes at the terminal building of Montreal airport, expecting significant energy savings.
Other studies relate to the development of radiant floors at airports as this is an effective way to maintain comfort conditions in many large buildings. Zhao et al. [45] showed the application of radiant floors in large public buildings such as airports and presented a review of the newest techniques. Simmonds [46] described a cooling floor combined with a variable-volume conditioning system as a way to maintain comfort at the Bangkok airport. Such a conditioning system was previously proposed in [47] . Zhang et al. [48] analyzed the impact of an independent temperature and humidity control system combined with a radiant floor at the Xianyang airport, improving the previous energy performance. Olesen [49] presented a radiant floor application at the Thailand airport, in which the solar radiation entering through the terminal building is extracted by a radiant floor, reducing considerably the air supply. Yu et al. [50] developed an analytical and simulation model for the floor cooling system at the Eindhoven airport. Wu et al. [51] summarized a comparative analysis of indoor thermal conditions of two airports with radiant floor and traditional ventilation systems in China, and concluded that the radiant floor provides better temperature and humidity conditions with less energy consumption.
Climate
Climate conditions such as temperature, humidity, irradiation, and wind direction and speed are key factors of energy consumption in terminal buildings, focused mainly on the needs of HVAC systems and lighting [32] . During the winter season, the internal loads could exceed the thermal losses, forcing the HVAC system to operate in the cooling mode and not in heating, while during the summer the internal loads are added to the external ones due to the heat exchange by radiation, conduction and convection [13] . In relation to the wind, Neofytou et al. [52] investigated the thermal effect of the wind environment around a large airport terminal, in which CFD simulations have been performed.
Comfort
Comfort in buildings is mainly determined by three factors: thermal comfort, visual comfort and indoor air quality [53] . The indoor conditions are expected to provide a comfortable working environment for the terminal staff and at the same time a comfortable transient environment for passengers. The recommendations for airport terminals are temperatures between 23 and 26˝C and relative humidity (RH) between 30% and 40% in winter, and RH between 40% and 55% in summer [53] . On the other hand, the Chartered Institution of Building Services Engineers (CIBSE) proposes thermal comfort criteria for specific terminal areas based on standard activity and clothing insulation [54] . In the case of Spain, airport managers have official regulations [55] that limit heating (not above 21 C) and cooling (not less than 26˝C) in public buildings with a surface larger than 1000 m 2 , which is directly applicable to airports.
Knowledge of the thermal requirements and acceptance by airport passengers and staff is a very important issue in order to optimize the different facilities involved. Kotopouleas et al. [56] presented the results of a study of thermal comfort conditions in three terminal buildings in the UK, suggesting that during winter, when overheating is more apparent, there may be a great potential for energy savings from lowering the heating systems set-points without compromising the thermal comfort conditions. Balaras et al. [39] summarized a study of levels of satisfaction showing different levels of acceptance among airport staff and passengers in Greek airports. Babu [57] analyzed a 128 respondent survey indicating that a temperature range of 24-32˝C is satisfactory for Ahmedabad airport passengers, highlighting that passengers while transitioning express a higher thermal tolerance from a familiar local environment to a conditioned environment, and a higher comfort expectation when transitioning from one conditioned space to another. Finally, Liu et al. [58] presented another study of satisfaction based on thermal levels at the airport in Chengdu with a 95.8% acceptation with comfort zone ranges from 19.2 to 23.1˝C during winter and 23.9 to 27.3˝C during summer.
Building Services Operation
As in the case of airside energy consumption, operation hours of the terminal building strongly determine the energy consumption due to the amount of energy consumed by the systems and facilities which are operational. Also, the significant variation of the population in the building in short periods of time affects the energy behavior of the building.
Unlike residential buildings or offices, behavioral patterns are largely transitional [7] . Therefore, occupation level is an important factor, with peaks and valleys of passengers depending on flight schedules, requiring an adaptation of the lighting and comfort conditions of certain areas. In recent years, strategies to reduce energy consumption based on building occupancy have been developed. Thus, Mambo et al. [59] studied various strategies to reduce energy consumption in HVAC systems and lighting based on the monitoring of existing occupancy through commercial software. In another study, Mambo et al. [60] presented the results of indoor environment measurement and flight schedules to identify opportunities to implement energy conservation measures in the passenger exclusive areas of the airport building, obtaining an energy saving of 20%-25% if indoor environment comfort set points are varied, while improving the thermal comfort of the passengers. In [61, 62] , a fuzzy methodology is proposed to optimally adapt lighting and temperature of the different rooms of the building, using as inputs the scheduled flight departure and arrival, the expected number of passengers and the existing lighting and outside temperature.
Building Occupants' Behavior
Building occupants' behavior and how to simulate its impact on energy consumption has been studied by Virote et al. [63] and Yu et al. [64] . In the case of airports, it is important to differentiate between scheduled and non-scheduled flights, due to their percentage impact on airport energy design [7] . The same occurs with passenger type: business passengers tend to use the airport more frequently and therefore are more familiar with its use and how to access it. These passengers usually spend less time at the terminal and spend less money in existing stores, but they do spend in restaurants and cafes [7] . Almost the opposite occurs with leisure passengers.
Energy Conservation and Energy Efficiency
In recent years, airport managers have made huge efforts to harmonize airport operation with environmental sustainability by minimizing the environmental impact, with energy conservation and energy efficiency as one of their pillars [65] . Airport managers usually show their efforts to reduce energy consumption through their own websites, publishing their yearly environmental reports, for example [9, 66, 67] .
Energy conservation is based on reducing energy consumption by reducing the quality of services offered, for example, decreasing the heating thermostat. It is strongly influenced by regulation, user behavior and changes in lifestyle [68] . However, energy efficiency means getting more for every unit of energy you gain without compromising comfort or safety [69] .
One of the most important measures relating to conservation and energy efficiency at airports is associated with conducting an energy audit of the facilities [70] . With this audit, the way an airport consumes energy is analyzed, and it becomes easier to propose measures to improve energy performance.
The most important measures to reduce energy consumption at European airports in recent years are described by Rehault et al. [71] . These measures can be classified into the following categories: improvements in management systems and energy facilities, use of renewable energy technologies or CHP plants, new operational and maintenance procedures to improve and optimize equipment energy efficiency and improvements in HVAC and lighting, due to the fact that they are facilities with an intensive use of energy, as is shown in Figure 3 for the Seve Ballesteros-Santander airport.
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Lighting
Lighting may represent an important part of the energy consumption of terminal buildings: 9.3% at Soekarno-Hatta Menderes airport [72] , 25% at Tacoma airport [73] , and 20% at Santander Airport (see Figure 3) . For that reason, lighting represents one of the best opportunities for energy savings at airports. Having a large number of operating hours, investments in efficient lighting provide 
Lighting may represent an important part of the energy consumption of terminal buildings: 9.3% at Soekarno-Hatta Menderes airport [72] , 25% at Tacoma airport [73] , and 20% at Santander Airport (see Figure 3) . For that reason, lighting represents one of the best opportunities for energy savings at airports. Having a large number of operating hours, investments in efficient lighting provide excellent performance. This improvement can be achieved by various means [74] . Some examples are daylighting strategies [57] , using presence detection systems in specific areas such as bathrooms and hallways [9] , coordinating switch on and off illuminated areas depending on flight schedules [75] , replacing conventional ballasts for electronic, installation of stabilizer energy equipment or the replacement of conventional light-emitting diode (LED) lights [13] . Airfield lighting contributes significantly to the energy consumption of an airport, but the reduction in consumption is often linked to an improvement of lamp efficiency, due to the restrictive regulations regarding airfield lighting when air traffic is operative.
HVAC Systems
Typically, thermally conditioned buildings aim to maintain a uniform thermal environment throughout the building, which would necessitate an energy intensive HVAC solution. These systems may represent a large part of the energy consumption of terminal buildings: 66% at Ahmedabad airport [57] , 80% at Adnan Menderes airport [76] , 86% at Soekarno-Hatta Menderes airport [75] , 25% at Tacoma airport [73] , and 25% at Santander Airport (see Figure 3) . The choice of a suitable temperature setpoint operation [60] , the utilization of natural ventilation [77] , the usage of passive cooling strategies [57] , the modeling and thermal simulation of the terminal building [78] , as well as the HVAC management systems based on an hourly planification [61] and other similar measures [13, 39, 70, 79] , can make a huge difference in the total energy consumption compared to an initial situation without any control.
Procedures
Operational procedures, such as maintenance supervisions or the addition of electricity meters, allow a better consumption control of the facility [71] . These operational procedures are usually part of energy management systems, such as International Standards Organization (ISO 50.001), Airport Carbon Accreditation (ACA) or Leadership in Energy and Environmental Design (LEED) methodology, which allow the implementation of continuous improvement processes to increase the energy performance [71] . As a real example, Kilkiş and Kilkiş [80] presented the energy certification systems of nine important world airports, showing in all cases big improvements in energy consumption thanks to these management systems.
Building Energy Management Systems
Finally, the need to reduce energy consumption, while maintaining passenger comfort, leads researchers to develop building energy management systems (BEMS), especially for large buildings [81] . These systems are designed to monitor and control the environmental and operating parameters of the building and to minimize energy consumption and operating costs. In the case of an airport, BEMS can help to control systems ranging from the HVAC, lighting and electromechanical installations of the terminal building to the airfield lighting or power plants, as described by Ancevic [82] showing the latest developments in BEMS systems implemented at the Munich airport and equally by Falvo for the Rome airport [13] .
Energy Benchmarking
In more recent research, the energy efficiency index is characterized through energy performance indicators (EPIs), which relate energy consumption generated in a particular process with indicators based on economic [83] , thermodynamic or physical principles [84] . In the case of airports, the most commonly used EPIs are (kWh/passenger (pax)), (kWh/terminal building surface) and (kWh/HVAC surface) [71] .
Balaras et al. [39] evaluated various Greek airports obtaining the EPIs of their terminal buildings with values between 1.7 kWh/pax and 2.75 kWh/pax, classifying them according to their climatic zone, due to the great influence of the HVAC systems, and reporting an average EPI of 234 kWh/m 2 for all Greek airports analyzed. In Spanish airports [9] , this EPI was 210 kWh/m 2 in 2014. An EPI of 263 kWh/m 2 was obtained for the Ahmedabad airport [57] and an EPI of 210 kWh/m 2 at Adnan Menderes airport [76] . In relation to European airports, London Heathrow, Paris Charles de Gaulle and Frankfurt are well above other airports in energy consumption, but if this value is normalized to the number of passengers, values of 13.57, 17.93 and 15.69 kWh/pax are obtained, within the mean of European airports [71] . The results also show that there is not a linear relationship between the size of the airport and its energy consumption, because of the multiple factors involved, as shown in Table 4 . These EPIs provide energy managers with information about energy performance, but they do not provide information about the reasons behind good or bad energy consumption, and cannot be used directly for benchmarking with other airports due to the different situations and factors which are involved. These EPIs can even be part of a greater environmental sustainability index, as in the case of Kilkiş, B. [85] , who proposed a series of indicators to assess the environmental impact at the new Istanbul International airport, including energy indicators, or Upham [65] , who presented various sustainability indexes for Manchester Airport. Likewise, Chen et al. [86] described an analytic hierarchy process and grey correlation analysis to evaluate a calculation of the energy consumption index of airports. Finally, Kilkiş and Kilkiş [80] presented a sustainability ranking for nine airports, based on an index that allows coordinating strategies for the sustainable development of energy systems.
Energy Modeling
Energy modeling seeks to quantify energy consumption based on input parameters. Modeling to predict energy consumption at airports can provide effective decision support for using energy more rationally and carrying out energy-saving measures.
Several energy modeling research studies are related to energy prediction for terminal buildings. Prediction methods may include neural networks, grey prediction, regression analysis, and some combination of prediction methods. Chen [87] proposed a prediction model based on unbiased grey Markov models, performed analyses of five Chinese airports and obtained accurate consumption trends at the terminal building compared to a traditional grey Markov model. Due to the nonlinearity of the thermal dynamics of a terminal building, Huang et al. in [88, 89] presented a hybrid scheme based on model predictive control and neural network feedback linearization which can minimize the energy and cost of running HVAC systems in terminal buildings, which was simulated at Adelaide airport. Again, Huang et al. in [90] evaluated a resistance-capacitance (RC) thermal network to obtain savings between 5% and 18% over the daily energy consumption at Adelaide airport. Other authors have proposed hybrid methods based on a neural network combined with grey methodology [91] , with a prediction accuracy that can be controlled within 7%.
Energy performance improvements of traditional HVAC systems by modeling parameters without reducing comfort and air quality are also very important fields in scientific research. Thus, Fan et al. [92] developed models to optimize HVAC systems at airports based on probability density distribution of cooling load ratio, achieving improvements between 1.4% and 4.3%, taking Haikou airport in China as a model. Dai et al. [78] modeled the operating conditions of HVAC systems at Guilin airport, analyzing the influence of chilled water temperature on water chiller performance. Sun et al. [93] proposed the integration and optimization of HVAC systems in neighboring buildings at Hong Kong airport, obtaining an improvement in system performance of 5.93%. Muller, Blanes y Costa [94] [95] [96] described the results of a model to improve the steady failure detection in HVAC systems through information and communications technologies (ICT), and thus try to reduce no operation time of these systems. Perdamaian et al. [72] analyzed the energy consumption and CO 2 emissions at Soekarno-Hatta airport, simulating different scenarios of HVAC systems to reduce the final consumption. Montgomery et al. [97] developed a model to predict the energy efficiency of different filters for HVAC machines at Vancouver airport. Finally, Fan et al. [98] proposed a model for evaluating the energy efficiency of HVAC systems of a terminal building based on an exergy analysis.
Energy Simulation
Energy simulation tools predict the energy performance of a given building and the thermal comfort of its occupants. Energy simulation began in the 70s as a preliminary technical phase before the construction of a building and has matured since then with the evolution of computing [99] .
Several scientific publications are focused on thermal simulations to improve the energy efficiency at terminal buildings. Balaras et al. [39] analyzed the thermal simulation of different scenarios of energy conservation at Greek airports, obtaining potential savings between 15% and 35% without compromising quality or comfort. Liu et al. [58] studied the simulation of the indoors thermal conditions at Chengdu airport using computational fluid dynamics methodologies (CFD). Likewise, Ma et al. [100] taking advantage of this CFD methodology, established the relationship between indoor air flow and interior space, reducing the internal temperature and improving indoor comfort at Beijing airport. Raymond et al. [101] used small-scale fluid dynamics modeling to optimize the design of air distribution in a large airport. Meng et al. [77] simulated by CFD the potential of natural ventilation and air modulation by mechanical fans under typical meteorological conditions at Sanya airport, concluding that wide usage of this equipment in tropical zones could lead to lower energy consumption.
In other scientific studies, commercial energy simulation programs are used. Griffith et al. [102] used EnergyPlus to study the influence of advanced envelope technologies in a fire fighting building at Teterboro airport. Zeren [76] simulated by EnergyPlus and DesignBuilder the energy influence of HVAC systems at Adnan Menderes airport, and evaluated various energy conservation strategies such as variation of building orientation and HVAC systems, with the results serving as a basis for large buildings with glazed surfaces. Chen et al. [37] presented the simulation model of HVAC systems at a terminal building by EnergyPlus, highlighting that decreasing the supply air temperature has a favorable impact on energy saving. Fang et al. [103] simulated the operating parameters that influence HVAC systems using multi-variate regression models at Hainan airport, proposing a method of hierarchal cluster to categorize chillers' operating condition by extracting operating parameters which have evident influence on chillers' operation as the cluster parameter. Parker et al. [104] presented the results of several improvements in the envelope and glazed roof at a UK airport and their impact on reducing the carbon footprint. Liu et al. [105] analyzed by Transient Systems Simulation Program (TRNSYS) the dynamic load simulation of a curtain wall at Tianjin Airport, weighing the huge impact of solar radiation on energy consumption and proposing a guide to improve its design. Falvo et al. [13] , by applying Design Builder and EnergyPlus, described the dynamic thermal simulation at Rome airport to determine the primary energy consumption, based on passenger flow contributions and transit equipment. Sangiorgi et al. [106] simulated the real conditions of a HVAC system at a small Spanish airport by TRNSYS to minimize energy consumption. Gowreesunker et al. [107] simulated by TRNSYS-CFD the airflow inside the airport terminal space reporting that the displacement ventilation system is more efficient for cooling than heating a space.
Conclusions
Airports in general have high-energy consumption. Influenced by many factors, the characteristics of airport energy consumption are stochastic, nonlinear and dynamic. In scientific research, energy consumption is mainly focused on terminal buildings, although these are only a part of the whole airport, so a greater depth in all aspects influencing the energy performance in airports is a promising future research field.
The main energy consumers in airports can be divided between the airside and landside of the airport. Airside energy consumers are fundamentally the airfield lighting and radio navigation systems. Landside energy consumers are fundamentally the terminal building of the airport due to its function as a node for processing passengers and cargo and the large number of facilities required for its operation. HVAC, lighting and ICT systems are usually the most important energy consumers at airports, so it is essential to study new methods to achieve a reduction in energy consumption in these kind of facilities.
Electricity is the dominant energy source because it is necessary for the supply of the main airport energy consumers and to ensure the safety of air traffic operations. This electricity usually comes from the commercial grid and is supplied by a power company. However, during the last several years it is possible to find in the scientific literature and at airports other kinds of energy sources such as CHP plants or renewable energy technologies. Nevertheless, given their special characteristics and the effect on air traffic safety, it is essential to set in a near future rules that make compatible airports and these kind of energy sources.
Nowadays energy consumption reduction is a priority for airport managers. Most important measures can be classified into the following categories: improvements in management systems and energy facilities, improvements in HVAC systems and lighting, and new operational management systems that help to improve and optimize airport energy efficiency.
Likewise, modeling and simulation of energy consumption at airports can be an important factor in lowering consumption. Therefore, the development of more accurate methods for the airport environment is necessary, but they should focus on airports globally and not only on the terminal building. Finally, the utilization of EPIs provides energy managers with information about energy performance, but does not provide information about the reasons for good or bad energy consumption, and they cannot be used directly for benchmarking with other airports due to the different situations and factors which are involved. It is necessary to develop new specific benchmarking methods for airports, which take into account their characteristics and make them comparable with each other.
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